Mesenchymal stem/stromal cells (MSCs) are of interest in the context of osteoarthritis (OA) therapy. We previously demonstrated that TGFβ-induced gene product-h3 (TGFBI/BIGH3) is downregulated in human MSCs (hMSCs) from patients with OA, suggesting a possible link with their impaired regenerative potential. In this study, we investigated TGFBI contribution to MSC-based therapy in OA models. First, we showed that co-culture with murine MSCs (mMSCs) partly restored the expression of anabolic markers and decreased expression of catabolic markers in OA-like chondrocytes only upon priming by TGFβ3. Moreover, TGFβ3-primed hMSCs not only modulated the expression of anabolic and catabolic markers, but also decreased inflammatory factors. Then, we found that upon TGFBI silencing, mMSCs partly lost their inductive effect on chondrocyte anabolic markers. Injection of hMSCs in which TGFBI was silenced did not protect mice from OA development. Finally, we showed that MSC chondroprotection was attributed to the presence of TGFBI mRNA and protein in extracellular vesicles. Our findings suggest that TGFBI is a chondroprotective factor released by MSCs and an anabolic regulator of cartilage homeostasis. * Corresponding author. Inserm U1183, IRMB, Hôpital Saint-Eloi,
Introduction
Mesenchymal stem/stromal cells (MSCs) are multipotent progenitor cells that are primarily isolated from bone marrow and adipose tissue, but that can also be found in many other tissues, including umbilical cord and deciduous teeth [1] . These fibroblastic-like adherent cells are characterized by a panel of positive and negative markers and the potential to differentiate into the three mesenchymal lineages [2] . MSCs also secrete many factors that act in a paracrine fashion and play important roles in their therapeutic effect [3] . Recent findings indicate that most of these factors are conveyed by extracellular vesicles (EVs) that take part in intercellular communication by acting as vehicles for the transfer of mediators between cells [4] . Previous studies on factors that mediate in vivo the beneficial function of MSCs showed that interleukin 6 (IL6), IL1 receptor antagonist, and glucocorticoid induced leucine zipper are anti-inflammatory mediators in experimental arthritis, whereas thrombospondin-1 is a chondroprotective factor in osteoarthritis (OA) [5] [6] [7] [8] . Nevertheless, the identification of factors responsible for MSC clinical benefit in rheumatic diseases is still incomplete.
OA is the most common rheumatic disease. Its prevalence increases with age, and is higher in patients with metabolic syndromes or obesity [9] . OA is characterized by progressive cartilage destruction, but it also affects all other joint tissues, leading to sub-chondral bone sclerosis, synovium inflammation and fat pad fibrosis [10, 11] . In patients with severe forms, it results in the loss of joint function, pain and functional disability. Currently, there is no curative treatment and the available pharmaceutical options only alleviate symptoms, such as pain and inflammation. In patients with advanced OA, joint replacement surgery offers pain relief and restores function and mobility. Recent studies have evaluated the interest of delivering MSCs in the pathological joint, as a possible innovative therapeutic solution. MSC chondroprotective effect has been demonstrated in preclinical models of OA [12] [13] [14] , and the safety and efficacy of this approach are now evaluated in the clinic (for review, see Ref. [15] ). Both allogeneic and autologous MSCs are used; however, questions have been raised on the efficacy of MSCs isolated from aged donors or with age-associated diseases [16] . Indeed, MSCs from aged donors show reduced proliferative capacity, differentiation potential, and migration as well as increased senescence [17] . As MSCs adapt and respond to their microenvironment, a pathological https://doi.org/10.1016/j.biomaterials.2019.119544 Received 26 April 2019; Received in revised form 23 September 2019; Accepted 11 October 2019 state might perturb the stem cell niche where MSCs reside. Therefore, the interactions between MSCs and their niche will result in modifications of their secretome. For instance, several factors secreted in the joint environment, particularly members of the transforming growth factor-β (TGFβ) family [18] , are deregulated in OA and contribute to the breakdown of cartilage homeostasis. At basal levels, TGFβ signalling contributes to cartilage homeostasis. On the other hand, high concentrations of TGFβ are found in the synovial fluids of patients with OA [19] . Interestingly, deregulation of TGFβ signalling in MSCs is involved in OA onset or progression, and knock out of TGFβ type II receptor in MSCs attenuates cartilage erosion and subchondral bone sclerosis [20] . We recently reported that TGFβ-induced gene product-h3 (TGFBI/BIGH3/RGD-CAP) is upregulated in cartilage and bone from patients with OA, whereas it is downregulated in bone marrow-derived human MSCs (hMSCs) [21] . We also found that TGFBI downregulation in hMSCs partly compromises their chondrogenic potential. Therefore, we hypothesized that TGFBI downregulation in hMSCs from patients with OA may affect their functional properties and impair their regenerative/repair potential. Here, we investigated whether TGFBI deregulation in OA affects MSC chondroprotective role.
Materials and methods
Mesenchymal stromal cell culture. Human specimens were recovered from patients with OA undergoing knee replacement surgery after written informed consent, in accordance with the Declaration of Helsinki. The study was carried out following the recommendations by the Languedoc-Roussillon Committee for the Protection of Persons and was approved by the French Ministry of Higher Education and Research (DC-2010-1185). After isolation from bone marrow, hMSCs were characterized by phenotyping and tri-lineage differentiation, as described [22] . They were cultured in proliferative medium [αMEM, 2 mmol/mL glutamine, 100 μg/mL penicillin/streptomycin, 10% foetal calf serum (FCS), and 1 ng/mL basic fibroblast growth factor (bFGF) (R &D Systems, Lille)], and used between passage 2 and 5. Murine MSCs (mMSCs) were isolated from bone marrow of C57BL/6 mice, expanded in proliferative medium, and characterized as previously reported [5] . They were used between passage 12 and 20.
EV isolation and characterization. EVs were isolated from conditioned supernatants of mMSCs (mMSC-EVs) by differential ultracentrifugation to recover large-size EVs and small-size EVs at 18 000 and 100 000 g, respectively. EVs were characterized following the guidelines provided by the International Society of Extracellular Vesicles (ISEV), as already described in Ref. [23] . Similar protocols were used for the production and isolation of hMSC-EVs. Briefly, hMSCs (10 6 /dish) were cultured in proliferative medium with 3% EV-free FCS for 60 h for production of EV-rich supernatant. Total EVs, which contain small-size and large-size EVs, were isolated according to the described protocol [23] . EV characterization included the determination of size and concentration by nanoparticle tracking analysis (NanoSight LM10-12 Malvern Instruments, Orsay), protein quantification with the Micro BCA Protein Assay Kit (Pierce, ThermoFisher Scientific, Illkirsch), and surface marker detection (anti-CD81 from Miltenyi Biotech, Paris; and anti-CD44, -CD63, CD73, -CD90, -CD105 antibodies from BD Biosciences, Le Pont de Claix) on EV-coated beads, as described [23] .
Cartilage explant and chondrocyte culture. Femoral heads were dissected from 2-week-old C57BL/6 mice as described [24] . After 72 h of stabilization in proliferative medium, OA-like changes were induced in cartilage explants by culture in serum-free medium with 10 ng/mL IL-1β (R&D Systems) for another 72 h. Thereafter, OA-like explants were co-cultured with 2 × 10 5 mMSCs seeded in polyethylene terephthalate culture inserts with 0.4 μm pore size (BD, Corning, Boulogne-Billancourt) for 24 h.
Murine articular chondrocytes were isolated from the knees and femoral heads of 3-day-old C57BL/6 mice, as described [25] . Chondrocytes were plated (25 000 cells/cm 2 ) in 12-well TPP culture plates (TPP Techno Plastic Products, Switzerland) with 1 mL of proliferative medium for 5 days. Thereafter, OA-like chondrocytes were induced by incubation with 1 ng/mL IL-1β (R&D Systems) for 24 h (day 0). In parallel, mMSCs were cultured in 1 mL of proliferative medium in 12well culture plates. At 80% confluence, they were primed (or not) with 10 ng/mL TGFβ3 (R&D Systems) for 24 h, then rinsed twice with PBS, and cultured for 24 h to obtain conditioned medium (mMSC-CM). mMSC-CM (1mL/well) was then added to OA-like chondrocytes for 24 h (day 1) before recovering chondrocytes for RT-qPCR analysis.
For co-culture with mMSCs or hMSCs, 2 × 10 5 OA-like chondrocytes were seeded in 12-well culture inserts with 1 mL of proliferative medium and primed (or not) with 10 ng/mL TGFβ3 for 24 h. After two washes with PBS, mMSC-or hMSC-containing inserts were added to OA-like chondrocytes on day 0 with fresh medium and cocultured for 24 h (day 1). Chondrocytes were recovered and processed for RT-qPCR.
Glycosaminoglycan (GAG) content measurement. GAG content was measured using the Blyscan Glycosaminoglycan Assay according to the supplier's recommendations (Biocolor Ltd, UK). Supernatants from OA-like explants were collected and cultured OA-like explants were digested overnight with 125 μg/mL papain (Sigma) in sodium acetate buffer (0.1 M; pH = 5.5) containing 5 mM EDTA and 5 mM L-cysteine HCl. Supernatants and digestion products were diluted to fit the calibration curve. Colorimetric values were obtained using a Varioskan LUX microplate reader.
Cell transfections. At 60% confluence, mMSCs and hMSCs were transfected with 50 nM of siRNA-control (siCT), siRNA-mTGFBI or siRNA-hTGFBI (siTGFBI) (Ambion, ThermoFisher Scientific) using the Oligofectamine reagent and according to the supplier's recommendations (Life Technologies, Courtaboeuf). Chondrocytes were transfected with 400 nM of each siRNA using the Lipofectamine reagent, according to the supplier's recommendations (Life Technologies, Courtaboeuf). Cells were used 48 h after transfection.
Proliferation and adhesion assays. For both assays, 96-well TPP plates were coated with 10 μg/mL recombinant human TGFBI (rhTGFBI; R&D Systems) and incubated at 4°C overnight. Then, wells were washed twice with PBS and blocked with 2% BSA at room temperature for 1 h. For proliferation assays, 2 × 10 4 murine chondrocytes were seeded on rhTGFBI-coated plates and incubated for 72 h. For adhesion assays, 5 × 10 4 murine chondrocytes were seeded on rhTGFBIcoated plates and after 2 h, 4 h, and 6 h, wells were washed twice with PBS to remove non-adherent cells before quantification of the adhering cells. Cell number was quantified by measuring cell viability using the CellTiter-Glo luminescent assay (Promega, Charbonnières-les-Bains), according to the manufacturer's protocol. Cell numbers were estimated relative to a standard curve generated using 10-fold serial dilutions of chondrocytes and the cell number in non-treated wells was set to 1.
Splenocyte proliferative assay. Splenocytes were isolated from C57BL/6 mice and cultured with hMSCs transfected with siCT or siTGFBI, as described [8] . After 3 days of incubation, splenocyte proliferation was assessed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Charbonnières-les-Bains) following the manufacturer's instructions. Splenocyte proliferation was quantified by subtracting the signal of unstimulated splenocytes, and calculated as the percentage of the value obtained in concanavalin A-stimulated splenocytes (100%).
RNA extraction and RT-qPCR. Total RNA was isolated from h/ mMSCs or chondrocytes using the RNeasy kit according to the supplier's protocol (Qiagen, Courtaboeuf); from cartilage and bone with 0.1 mL TRIzol reagent (ThermoFisher Scientific)/g tissue, followed by chloroform and phenol acid extraction; and from EVs using the miRNeasy Micro Kit (Qiagen). Total RNA (0.5 μg) was reverse transcribed using 100 U of M-MLV reverse transcriptase (ThermoFisher Scientific), and PCR reactions were performed as described [26] . Primer sequences (SYBR Green Technologies) are described in Table 1 . All values were normalized to the RPS9 housekeeping gene, and expressed as relative expression or fold change using the respective formulae: 2 −ΔCT and 2 −ΔΔCt . For EVs, gene expression was quantified in 10 ng of cDNA and normalized to the Ct values.
Collagenase-induced osteoarthritis model. The collagenase-induced OA (CIOA) model was generated in accordance with the guidelines and regulations of the Ethical Committee for animal experimentation of the Languedoc-Roussillon region (Approval APAFIS#5349-2016050918198875). Experiments were performed after the final approval by the French Ministry for Education, Higher Education and Research. OA was induced by two injections (day 0 and 2) of 1U type VII collagenase in 5 μL saline in the intra-articular (IA) space of one hind knee joint in 10-week-old C57BL/6 mice. Then, groups of 23 mice received or not IA injections of siCT-or siTGFBItransfected hMSCs (2.5 × 10 5 cells/5 μL saline) at day 7. Mice were euthanatized at day 42 and hind paws were fixed in 4% formaldehyde for further analysis.
Bone parameter analysis. Hind paws were scanned in a SkyScan 1176 micro-CT scanner (Bruker, Belgium) using the following parameters: 0.5 mm aluminium filter, 45 kV, 500 μA, resolution of 18 μm, 0.5°rotation angle. Scans were reconstructed using the NRecon software (Bruker). Misalignment compensation, ring artefacts and beamhardening were adjusted to obtain the correct reconstruction of each paw. Bone degradation was quantified in subchondral bone of the medial plateau for each tibia (CTAn software, Bruker). Calcification of the lateral and medial meniscal/external ligaments and osteophyte formation on joint edges were also quantified. 3D images of joints were reconstructed using the Avizo software (Avizo Lite 9.3.0, FEI Visualization Sciences Group, Lyon, France).
Confocal laser scanning microscopy. A confocal laser scanning microscope (CLSM; TCS SP5-II, Leica Microsystems, Nanterre) was used to acquire images of the medial tibial plateau articular cartilage. Articular cartilage was scanned in depth (XYZ-mode) using the following parameters: voxel size 6 μm, 5× dry objective, and UV laser light source (405 nm). Image stacks were used to reconstruct a 3D image of the medial tibial plateau cartilage and then to quantify cartilage morphometric parameters using the Avizo software.
Histological analysis. Hind paws were decalcified in 5% formic acid solution for 2 weeks, and then processed for paraffin embedding. Coronal sections of tibias were cut (3 slices of 7 μm each 100 μm; first section at 50 μm below the cartilage surface) and stained with Safranin O/Fast Green. Cartilage degradation was quantified using the modified Pritzker OARSI score, as described [27] . Osteophyte size at the edges of the tibia cartilage was scored using an arbitrary score from 0 to 3, as described [14] .
Statistical analysis. Statistical analysis was performed with the GraphPad Prism software. Each sample/cell was independent and represented an experimental unit providing a single outcome. The data normal distribution and variance homogeneity were determined with the Shapiro-Wilk and Fisher's exact tests (2 groups) or the Bartlett's test (> 2 groups), followed by the appropriate tests, as detailed in each figure legend. Data are presented as the mean ± SEM with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
Results
TGFBI is deregulated in OA-like femoral head explants and chondrocytes. We previously showed by immunohistochemistry that TGFBI is upregulated in the cartilage from patients with OA and in CIOA mice compared with healthy controls [28] . To better understand the effect of TGFBI deregulation, we first evaluated its expression by RT-qPCR in mice at different ages. We found that TGFBI mRNA expression was higher in cartilage than in cortical bone or bone marrow in healthy 3-day-old mice (Fig. 1A) . TGFBI expression was also higher in the femoral heads of adult mice compared with cortical bone or total bone marrow, and in tibial epiphyses compared with bone marrow (Fig. 1B) . This suggests higher expression in cartilage-containing tissues. Importantly, TGFBI mRNA levels tended to be higher in tibial epiphyses from CIOA mice than in healthy controls, confirming TGFBI upregulation in OA joint tissues (Fig. 1C ). We next determined whether OA-related TGFBI deregulation can be reproduced in in vitro models. First, we demonstrated that mouse femoral head explants ( Fig. 1D ) cultured with IL1β reproduced the OA-like cartilage phenotype, as indicated by the downregulation of the anabolic markers type IIB collagen (Col2a1) and aggrecan (Acan) and the upregulation of the catabolic markers matrix metalloproteinase 13 (Mmp13) and A Disintegrin And Metalloproteinase with Thrombospondin Motifs 5 (Adamts5) (Fig. 1E ). In addition, IL1β significantly increased GAG release in the culture supernatant, and decreased GAG content in cartilage explants. Moreover, Tgfbi level was higher in OA-like explants compared with untreated controls (Fig. 1E) .
Similarly, immature articular chondrocytes isolated from neonatal mice displayed an OA-like phenotype after incubation with IL1β ( Fig. 1F) . Specifically, expression of Col2a1 and Acan was decreased, whereas that of Mmp13 and Adamts5 was increased after 24 h of incubation with IL1β ( Fig. 1G) . Moreover, the genes encoding several inflammatory mediators, such as IL6, inducible nitric oxide synthase (iNOS), monocyte chemoattractant protein (MCP)1 and cyclooxygenase (COX)2, were upregulated, whereas tumour necrosis factor (TNF)α remained unchanged. In this model, Tgfbi was downregulated ( Fig. 1G) , indicating a deregulation of TGFBI in both in vitro models of OA.
Naive murine and human MSCs cannot normalize the phenotype of OA-like chondrocytes. We then investigated the effect of mMSCs on OA-like femoral head explants (experimental strategy in Fig. 1D ). GAG release in the supernatant was decreased and the expression of Acan and Col2a1 was increased in OA-like explants co-cultured with mMSCs compared with explants alone, indicating a chondroinductive effect of mMSCs ( Fig. 2A) . As femoral head explants are made of several tissues (cartilage, bone and bone marrow), we evaluated the effect of mMSCs specifically on OA-like chondrocytes (experimental strategy in Fig. 1F ). Co-culture with mMSCs did not significantly change the expression of anabolic, catabolic and inflammatory factors in OA-like chondrocytes. Conversely, addition of Table 1 List of primer sequences for RT-qPCR analysis.
Gene
Sequence forward  Sequence reverse   mADAMTS5  CTGCCTTCAAGGCAAATGTGTGG  CAATGGCGGTAGGCAAACTGC  mAGG  GCGAGTCCAACTCTTCAAGC  GAAGTAGCAGGGGATGGTGA  mCOL2B  CTGGTGCTGCTGACGCT  GCCCTAATTTTCGGGCAT  mCOX2  GCATTCTTTGCCCAGCACTT  AGACCAGGCACCAGACCAAAGA  mIL6  TGGGACTGATGCTGGTGACA  TTCCACGATTTCCCAGAGAACA  mINOS  CCTTGTTCAGCTACGCCTTC  GCTTGTCACCACCAGCAGTA  mMCP1  TGCAGGTCCCTGTCATGCTT  TCCTTCTTGGGGTCAGCACA  mMMP13  TCTGGATCACTCCAAGGACC  ATCAGGAAGCATGAAATGGC  mTGFBI  ACCATCAACGGGAAGGCTGTCA  AGCCAGCTCAAGCAGTGTCTTG  mTNFalpha  AGCCCACGTCGTAGCAAACCA  TGTCTTTGAGATCCATGCCGTTGGC  hTGFBI  GGACATGCTCACTATCAACGGG  CTGTGGACACATCAGACTCTGC mMSC-CM increased Acan expression, compared with OA-like chondrocytes alone, but without reaching the levels of chondrocytes not exposed to IL1β. The expression of type IIB collagen and of catabolic and inflammatory mediators was not modified by addition of mMSC-CM ( Fig. 2B-C) . Finally, we evaluated whether co-culture with hMSCs influenced the phenotype of murine OA-like chondrocytes and found no significant change, except for a decrease of iNOS expression ( Fig. 2D ).
TGFβ3-primed murine and human MSCs reverse the deregulation of cartilage markers in OA-like chondrocytes. As the TGFβ pathway has regulatory functions in cartilage homeostasis (REF [19] ) and TGFBI downregulation in OA MSCs impairs their functional properties [21] , we tested whether TGFBI upregulation in MSCs modified their effect on OA-like chondrocytes. We first showed that priming with TGFβ3 upregulated TGFBI transcription in mMSCs and hMSCs by 2-and 3-fold, respectively ( Fig. 3A-B ) and increased TGFBI secretion by 3.5fold in hMSCs (Fig. 3B, right panel) . Moreover, incubation of OA-like mouse chondrocytes with TGFβ3-primed mMSC-CM significantly upregulated the expression of chondrocyte anabolic markers, but did not change the expression of catabolic and inflammatory factors (Fig. 3C ). Co-culture of OA-like chondrocytes with TGFβ3-primed mMSCs led to upregulation of anabolic markers and downregulation of catabolic markers, but did not significantly modulate inflammation-associated markers (Fig. 3D) . Conversely, co-culture with TGFβ3-primed hMSCs significantly reversed the deregulated expression of all tested markers, including inflammatory mediators (Fig. 3E ). Altogether, these results indicated that mMSC pro-anabolic function is regulated by TGFβ3priming. However, their anti-catabolic role requires both TGFβ3priming and co-culture, indicating the importance of the crosstalk with OA-like chondrocytes.
TGFBI silencing in murine MSCs partly impairs their chondroinductive effect on OA-like chondrocytes. We then investigated the effect of TGFBI downregulation in mMSCs after transfection with a siTGFBI that reduced by 33% Tgfbi mRNA level compared with siCT ( Fig. 4A ). This decrease was sufficient to inhibit mMSC chondroinductive effect, as shown by the absence of Acan and Col2a1 upregulation in OA-like chondrocytes co-cultured with siTGFBI-transfected mMSCs compared with siCT-mMSCs (Fig. 4A) . Similarly, Acan upregulation was slightly but significantly lower in OA-like chondrocytes co-cultured with TGFβ3-primed siTGFBI-mMSCs than with TGFβ3-primed siCT-mMSCs (Fig. 4B) . Finally, siTGFBI transfection in hMSCs reduced TGFBI expression by 48% (Fig. 4C ). However, TGFBI downregulation did not modify the expression of Acan and Col2a1 in OA-like chondrocytes co-cultured with TGFβ3-primed siTGFBI hMSCs.
TGFBI silencing impairs the therapeutic function of human MSCs in CIOA mice. Then, we evaluated in vivo the effect of IA injection of siCT-or siTGFBI-transfected hMSCs (TGFBI expression reduced by 70%) in CIOA mice [29] . Histological analysis showed that the OA score was lower, although not significantly, in CIOA mice treated with siCT-hMSCs compared with untreated mice (Fig. 5A-B) . Conversely, the score was significantly higher in mice treated with siTGFBI-hMSCs compared with mice treated with siCT-hMSCs and untreated controls. Histomorphometric analysis of cartilage by CLSM confirmed that cartilage degradation was more important, and cartilage thickness was lower in CIOA mice treated with siTGFBI-hMSCs compared with siCT-hMSCs ( Fig. 5C-D) . Accordingly, micro-CT analysis showed that sub-chondral bone parameters in CIOA mice treated with siCT-hMSCs were similar to those of healthy mice. Conversely, CIOA mice that received siTGFBI-hMSCs were not protected from bone degradation ( Fig. 5E-F) . Finally, injection of siCT-hMSCs, but not of siTGFBI-hMSCs partly inhibited calcification of the lateral and medial menisci and ligaments in CIOA mice (Fig. 5G-H) . Overall, these findings indicated that TGFBI produced by hMSCs contributes to their therapeutic effect in CIOA mice. TGFBI is conveyed within MSC-derived extracellular vesicles.
To understand TGFBI mechanism of action, we assessed its effect on chondrocyte functions. Addition of rhTGFBI enhanced the proliferation of murine chondrocytes, while culture in rhTGFBI-coated dishes reduced chondrocyte adhesion ( Fig. 6A-B) . Moreover, splenocyte proliferation was slightly, but significantly reduced by siTGFBI-transfected hMSCs, suggesting decreased immunosuppressive properties upon TGFBI silencing (Fig. 6C) . Then, we asked whether TGFBI could be conveyed by MSC-EVs that have been shown to have immunomodulatory effects in an arthritis model [23] and to transfer MSCsecreted factors between cells [4] . Using an already validated protocol for mMSC-EVs, we isolated and characterized total EVs from hMSCs [23] . The quantity of hMSC-EVs was 8 × 10 8 particles/μg total proteins/10 6 hMSCs, and their size ranged from 80 to 400 nm (Fig. 6D ). They expressed surface markers of hMSCs (CD44, CD73, and CD90) and of exosomes (CD63 and CD81) ( Fig. 6E ). We detected easily quantifiable amounts of TGFBI protein in hMSC-EVs, although the amounts were lower than in hMSCs (Fig. 6F ). We also detected TGFBI mRNA in hMSC-EVs and in small-size and large-size mMSC-EVs ( Fig. 6G-H) .
Discussion
This is the first evidence that TGFBI produced by hMSCs exerts a pro-anabolic function on chondrocytes and a therapeutic role in OA by preventing cartilage and bone degradation, while inhibiting soft tissue calcification.
Using two in vitro models that mimic the cartilage degradation and chondrocyte deregulation observed in OA, we revealed TGFBI expression deregulation in OA-like cartilage. Specifically, TGFBI was upregulated in OA-like femoral head explants, while it was downregulated in OA-like chondrocytes. A possible explanation for this discrepancy might be related to the developmental stage of the analysed tissues. In femoral head explants from 2-3-week-old mice, TGFBI expression is typical of the adult age, and increases in OA-like conditions as observed in epiphyses of CIOA-induced adult mice. This upregulation might be related to a regulatory loop to inhibit cartilage mineralization that occurs during OA. Indeed, it was previously shown that TGFBI inhibits osteogenesis and mineralization of cultured chondrocytes [30] [31] [32] . On the other hand, in immature chondrocytes isolated from femoral and tibial epiphyses of 3-day-old mice, TGFBI was downregulated in OA-like conditions. In mouse embryos (E16.5 to E18.5), TGFBI is expressed in proliferating chondrocytes and in primary endochondral ossification centres during joint cartilage formation, where it may interact with cells and extracellular matrix molecules, thus playing a role in tissue morphogenesis [33] [34] [35] . In 3-day-old mice, cartilage is predominantly pre-hypertrophic and hypertrophic, consistent with high TGFBI expression, as observed during embryogenesis. We previously reported that TGFBI is required at the early stages of chondrogenic differentiation of MSCs, and is then downregulated in mineralized hypertrophic chondrocytes [21] . The present study brings evidence that besides promoting endochondral ossification and inhibiting mineralization during in vitro differentiation of mature osteoblasts or chondrocytes, TGFBI deregulation in joint tissues might contribute to OA.
TGFBI is a paralogue of periostin (POSTN), the only other member of the TGFBI family. The two genes have a similar domain structure, although TGFBI is shorter and lacks the C-terminal domain that is subjected to alternative splicing in POSTN [36, 37] . Both genes have important overlapping functions in cell adhesion, migration, proliferation, and apoptosis. In cancer, they display dual roles, acting as tumour suppressors or promoters, depending on the tumour environment. POSTN levels in serum and synovial fluid are associated with OA incidence and progression [38, 39] , and its expression is higher in mouse and human bone and cartilage [40, 41] . Importantly, the higher chondroprotective effect in OA mice of FRA-1-overexpressing adiposederived stromal cells compared with wild type cells has been associated with increased POSTN expression [42] . We recently reported TGFBI upregulation in bone and cartilage from patients and mice with OA [21] . Based on the similarity of functions and expression in OA, all these data suggest a possible common regulation of POSTN and TGFBI in OA and identify these two molecules as important players in joint homeostasis. In agreement, the present study demonstrated the lower in vivo therapeutic efficiency of siTGFBI-hMSCs that mimic the lower TGFBI expression of hMSCs from patients with OA. Interestingly, siTGFBI-hMSCs could not reduce osteophyte calcification in CIOA mice (data not shown), further supporting a probable inhibitory role of TGFBI on mineralization in vivo. TGFβ pathway deregulation in MSCs was previously associated with OA onset and/or maintenance [20] . Here, we present further evidence that TGFBI deregulation in MSCs impairs their therapeutic chondroprotective function and might affect their physiologic role in cartilage and bone homeostasis.
We provided evidence that EVs released by mMSCs and hMSCs contain both TGFBI mRNA and protein, underlining a plausible common mechanism of action. Usually, EVs act on target cells after their internalization mediated by fusion of their membrane with the cell plasma membrane or after uptake. After uptake, EVs are addressed to the canonical endosomal pathway and can be targeted to lysosomes and degraded, or can discharge their cargo in the cytosol by fusion with the endosomal membrane [43] . A possible transfer of EVs to the plasma membrane for release might also occur. In our conditions, we could not detect the presence of human TGFBI mRNA in murine chondrocytes after 1 day of co-culture with hMSCs (data not shown), possibly because after uptake, the amount of TGFBI mRNA released in chondrocytes might have been too low to be detected, or rapidly degraded or translated into proteins. Further investigations are needed to determine the fate of EV cargoes in chondrocytes or synovial cells in the joint. Nevertheless, we previously demonstrated that IA injection of smallsize and large size mMSC-EVs can protect mice from developing CIOA to a similar extent as mMSCs, suggesting that TGFBI mRNA and protein contained in EVs might play an important role [27] . The relative contribution of soluble TGFBI and EV-contained TGFBI needs to be investigated.
One of the main roles of TGFBI is to mediate cell adhesion and migration by acting as a linker that connects various matrix molecules and favours cell-collagen interactions. This has been shown mainly in tumour cells where TGFBI can act either as tumour promoter by increasing cancer cell invasiveness, or as a tumour suppressor by inhibiting cell adhesion leading to inhibition of cell proliferation and migration [44] . TGFBI also increases cell survival and proliferation during gastrointestinal tract tumorigenesis via activation of the FAK/ AKT signalling pathway [45] . Moreover, TGFBI expression is a predictor of survival in patients with lung squamous cell carcinoma [46] . However, its physiological role is still unclear. Here, we demonstrated that TGFBI decreases chondrocyte adhesion and increases their proliferation. Therefore, TGFBI secreted by MSCs might mediate its therapeutic effect in joint tissues via a pro-survival and pro-anabolic role on chondrocytes.
TGFBI could also have an anti-inflammatory effect through its negative regulation of Toll like receptor-induced inflammation. For instance, TGFBI expression was increased in peripheral blood mononuclear cells in a model of lipopolysaccharide-induced endotoxin tolerance, resulting in lower activation of inflammatory actors, such as nuclear factor-κB, TNF-α and nitric oxide [47] . Moreover, a significant correlation has been observed between three single nucleotide polymorphisms in the TGFBI gene and type 1 diabetes, and TGFBI expression is lower in pancreatic islets from diabetic subjects. Interestingly, TGFBI can inhibit T-cell activation markers (CD44 and CD69) and the production of cytotoxic molecules, such as granzyme B and interferon-γ [48] . In addition, TGFBI-treated diabetogenic T cells cannot induce type 1 diabetes upon transfer in wild type mice, suggesting that TGFBI expression in pancreatic islets might contribute as a protective shield against cytotoxic T-cell attack. Our data indicated that TGFBI plays a role in MSC anti-inflammatory function and contributes to T lymphocyte proliferation inhibition. Therefore, the hypothesis that TGFBI released by hMSCs might exert an anti-inflammatory function in OA should be investigated in vivo.
Altogether, the present study highlights TGFBI role in hMSC chondroprotective effect in OA by inhibiting cartilage and bone degradation, while limiting calcification and osteophyte formation. Besides deciphering the mechanisms underlying hMSC therapeutic effect, it suggests the possibility of targeting TGFBI for therapeutic intervention.
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